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(54) Apparatus for electron beam physical vapor deposition 



(57) An apparatus for depositing a ceramic coating 
by electron beam physical vapor deposition (E1 3PVD). 
Ceramic coatings of more uniform thickness over a larg- 
er surface area are deposited by increasing the size of 
a pool (1114) of molten ceramic from which the ceramic 
is deposited. The apparatus uses a crucible (112) that 
surrounds a ceramic material (10) that senses as the 



source of the deposited ceramic coating. The crucible 
(112) is configured to define a reservoir (118) whose 
cross-sectionai area is larger than the cross-sectional 
area of the ceramic material (10). The size of the pool 
(1 1 4) is increased by increasing the size of the reservoir 
(118) in lieu of increasing the diameter of the ceramic 
material (1 0) in order to maintain acceptable ingot qual- 
ity. ■ 
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Description 

[0001] This invention relates to coating apparatuses 
of the type used to deposit ceramic coatings. More par- 
ticularly, this invention is directed to an electron beam 
physical vapor deposition (EBPVD) apparatus with a 
crucible configured to increase the zone within the ap- 
paratus coating chamber in which the deposited coating 
thickness is maintained within an acceptable variation 
requirement. 

[0002] Higher operating temperatures of gas turbine 
engines are continuously sought In order to Increase 
their efficiency. However, as operating temperatures in- 
crease, the high temperature durability of the compo- 
nents of the engine must correspondingly increase. Sig- 
nificant advances In high temperature capabilities have 
been achieved through the formulation of niclcel and co- 
balt-base superalloys. though such alloys alone are of- 
ten inadequate to form components located in the hot 
sections of a gas turbine engine, such as the turbine, 
combustor and augmentor. A common solution is to 
thermally insulate such components In order to minimize 
their service temperatures. For this purpose, thermal 
barrier coatings (TBCs) formed on the exposed surfaces 
of high temperature components have found wide use. 
[0003] To be effective, TBCs must have low thermal 
conductivity, be capable of strongly adhering to the ar- 
ticle, and remain adherent through many heating and 
cooling cycles. The latter requirement is particularly de- 
manding due to the different coefficients of thermal ex- 
pansion between low themnal conductivity materials 
used to form TBCs, typically ceramic, and materials 
used to form turbine engine components, typically su- 
peralloys. For this reason, ceramic TBCs are typically 
deposited on a metallic bond coat that is formulated to 
promote the adhesion of the ceramic layer to the com- 
ponent while also inhibiting oxidation of the underlying 
superalloy. Together, the ceramic layer and metallic 
bond coat form what is termed a thermal barrier coating 
system. Typical bond coat materials are diffusion alumi- 
nides and oxidation-resistant alloys such as f^CrAlY, 
where M is iron, cobalt and/or nickel. 
[0004] Various ceramic materials have been em- 
ployed as the TBC, particularly zirconia (ZrOg) stabilized 
by yttria (Y203), magnesia (MgO) or other oxides. These 
partrcular materials are widely employed in the art be- 
cause they can be readily deposited by plasma spray, 
flame spray or vapor deposition techniques. A continu- 
ing challenge of thermal barrier coating systems has 
been the formation of a more adherent ceramic layer 
that is less susceptible to spalling when subjected to 
thermal cycling. In one form, Improved spallation resist- 
ance is achieved with ceramic coatings deposited by 
electron beam physical vapor deposition (EBPVD) to 
yield a columnar grain structure. Such grain structures 
are characterized by gaps between grains that are ori- 
ented perpendicular to the substrate surface, and there- 
fore promote strain tolerance by enabling the ceramic 



layer to expand with its underlying substrate without 
causing damaging stresses that lead to spallatk^n. 
[0005] Figure 1 represents a coating apparatus 20 for 
depositing ceramic coatings by EBPVD In accordance 

S with the prior art. The apparatus 20 includes a coating 
chamber 22 in which a component 30 is suspended for 
coating. A ceramic layer 32 is deposited on the compo- 
nent 30 by melting a ceramic ingot 10 with an electron 
beam 26 produced by an electron beam (EB) gun 28. 

10 The intensity of the beam 26 is sufficient to produce a 
stream of ceramic vapor 34 that condenses on the com- 
ponent 30 to form the ceramic layer 32. As shown, the 
ceramic vapor 34 evaporates from a pool 14 of molten 
ceramic contained within a resen/oir 1 8 formed by a cru- 

is cible 12 that surrounds the upper end of the ingot 10, 
Crucibles of the type shown are often made of copper, 
though it Is foreseeable that other materials could be 
used. Cooling passages 16 maintain the crucible 12 at 
an acceptable temperature. Because the crucible 12 

20 must closely fit around the ingot 10 to prevent leakage, 
the size of the pool 14 is determined by the size of the 
ceramic ingot 10. which has a typical diameter of about 
6.3 centimeters. As it is gradually consumed by the dep- 
osition process, the ingot 1 0 is incrementally fed into the 

25 chamber 22 through an airlock 24. During deposition, 
the chamber 22 is typically maintained at a pressure of 
about 0.005 mbar. 

[0006] Zirconia-based thermal barrier coatings, and 
particularly yttria-stabilized zirconia (YSZ) coatings, 

30 produced by EBPVD to have columnar grain structures 
are widely employed in the art for their desirable themial 
and adhesion characterlstk^s. Nonetheless, there Is an 
ongoing effort to improve deposition processes for ther- 
mal barrier coatings, particularly in terms of improved 

35 deposition efficiency and spallation resistance. 

[0007] The present invention is a coating apparatus 
for depositing a ceramic coating on an article that will 
be subjected to a hostile environment, as is the case 
with turbine, combustor and augmentor components of 

40 a gas turbine engine. Such ceramic coatings preferably 
are part of a thermal barrier coating system that includes 
a metallic bond coat that improves the adhesion of the 
ceramic coating to a superalloy substrate. Ceramic 
coatings of particular interest are formed of yttria-stabi- 

45 lized zirconia (YSZ) and have a columnar grain structure 
as a result of being deposited by EBPVD. 
[0008] According to the invention, ceramic coatings of 
more uniform thickness over larger surfaces can be de- 
posited if the size of the pool of molten ceramic Is in- 

50 creased. More particularly, It has been determined that 
larger molten pools provide a larger coating zone within 
the coating apparatus which, as used herein, identifies 
a zone within the coating apparatus in which coating 
thickness is reliably and consistently nnaintained within 

55 a certain variation requirement, e.g., on the order of 
about ±10%. The apparatus achieves this object of the 
Invention with the use of a crucible that surrounds the 
ceramic ingot sending as the source of the deposited ce- 
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ramie coating. Of importance is that the crucible is con- 
figured to define a reservoir whose cross-sectional area 
is larger than the cross-sectional area of the ceramic 
material. According to the invention, the size of the pool 
is Increased by increasing the size of the reservoir in s 
lieu of increasing the diameter of the ceramic material 
in order to maintain acceptable ingot quality. According- 
ly, the apparatus of this invention Improves the efficiency 
and uniformity of the coating process by providing a larg- 
er zone within the chamber over which acceptable coat- 10 
Ings can be produced, enabling more components or 
larger components to be simultaneously coated without 
sacrificing coating quality. Notably, process complica- 
tions that would normally discourage those skilled in the 
art from attempting to alter the pool reservoir size reta- 
tive to the ingot, such as solidification of the molten ce- 
ramic and a modified crucible-ceramic attachment, etc., 
are addressed in order to achieve this Invention. 
[0009] The invention will now be described in greater 
detail, by way of example, with reference to the draw- 20 
Ings, in which: - 

Figure 1 shows a schematic representation of an 
electron beam physical vapor deposition apparatus 
used to deposit a ceramic layer of a thermal barrier 2S 
coating system In accordance with the prior art; and 



[0010] The present invention Is generally directed to 
ceramic coatings that are deposited as part of a thermal 
barrier coating system on a metal component intended 
for operation within a high-temperature environment. 
Notable examples of such components include the high 
and low pressure turbine nozzles and blades, shrouds, 
combustor liners and augmentor hardware of gas tur- 
bine engines. While the advantages of this invention will 
be described with reference to components of gas tur- 
bine engines, the teachings of this invention are gener- 
ally applicable to any component on which a ceramic 
coating might be deposited. 

[0011] Figure 2 shows a crucible 112 of a type that 
can be used with the EBPVD coating apparatus 20 
shown in Figure 1. As is conventional, the crucible 112 
can be formed of copper or another suitable material, 
and Includes a cooling passage 116 through which wa- 
ter or another suitable cooling medium flows. The cru- 
cible 1 1 2 Is shown as having a collar portion 1 1 2A that so 
closely surrounds the Ingot 10. Contrary to the prior art, 
the crucible 112 of this invention has a larger reservoir 
118 than that of the crucible 12 shown In Figure 1. The 
cross-sectional area of the reservoir 118 is preferably 
about 1 0% to about 50% larger than the cross-sectional 55 
area of the ingot 10- with larger areas, it was determined 
to be extremely difficult to maintain a unrfomi flow of mol- 
ten ceramic into the reservoir 1 1 8 as the Ingot 1 0 Is melt- 



ed by the electron beam 26, and difficult to keep the res- 
ervoir 118 suitably filled. A preferred cross-sectional ar- 
ea for the reservoir 118 is about 38 to about 70 cm^ for 
standard ingot diameters of about 6.3 cm (about 31 
cm^). Within the preferred range of cross-sectional are- 
as, a preferred depth for the reservoir 118 is about 0.2 
to about 1 .0 centimeters. Though not required, the res- 
ervoir 1 1 8 and Ingot 1 0 preferably have circular and con- 
centric cross-sections. 

[0012] An EBPVD coating apparatus (e.g.. the appa- 
ratus 20 of Figure 1) modified with the crucible 112 of 
this Invention is typically operated at a vacuum level of 
about 5x10-^ Torr (about 0.005 mbar) during deposition 
of the ceramic layer 32. tf for a gas turbine engine ap- 
plication, the component 30 is typically formed of a nick- 
el or cobalt-base superalloy, though other materials may 
be used. The ceramic coating 32 is typically part of a 
coating system that includes a metallic bond coat (not 
shown) over which the ceramic coating 32 is deposited. 
In accordance with the prior art, the bond coat is prefer- 
ably an oxidation-resistant metal composition that pro- 
tects the underlying superalloy substrate from oxidation 
and promotes adhesion of the ceramic coating 32. As 
known in the art, suitable bond coat materials include 
diffusion aluminldes containing intermetallic platinum 
and/or nickel aluminlde phases, and MCrAlY alloys such 
as NiCrAIY. 

[0013] Following deposition of the bond coat, the ce- 
ramic coating 32 is deposited from a vapor formed by 
melting and vaporizing the ingot 10 with the electron 
beam 26 generated and emitted by the electron beam 
gun 28. The component 30 can be secured to a rotatable 
support (not shown) of a type known In the art. so as to 
be adjacent the upper end of the Ingot 10. The electron 
beam 26 is directed toward the upper end of the ingot 
1 0, which causes the surface of the Ingot 1 0 to melt and 
form a molten pool 1 1 4 within the larger reservoir 1 1 8 of 
the crucible 112. Intense heating of the Ingot 10 by the 
electron beam 26 causes molecules of the ceramic ma- 
terial to evaporate, travel upwardly, and then deposit 
(condense) on the surface of the component X. all In a 
manner known In the art. 

[0014] While our invention has been described in 
terms of a preferred embodiment, it is apparent that 
modifications could be adopted by one skilled in the art. 
For example, ceramic material In the form of a powder, 
pellets or a granular material, could be used In place of 
the ingot 10 shown in Figures 1 and 2. 



Claims 

1. A deposition apparatus comprising: 

a coating chamber (22); 

means (28) for generating an electron beam 

(26) within the coating chamber (22); 

a ceramic material (10) within the coating 



25 



Figure 2 is a cross-sectional view of a crucible 
adapted for use with the apparatus of Figure 1 in 
accordance with this invention. so 
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chamber (22). the ceramic material (10) having 
an upper end with a cross-sectional area; and 
a crucible (112) surrounding the upper end of 
the ceramic material (1 0), the crucible (112) de- 
fining a reservoir having a larger cross-section- S 
at area than the cross-sectional area of the ce- 
ramic material (10). 

2. A deposition apparatus as recited In claim 1 , where- 
in the cross-sectional area of the reservoir (118) is iO 
about 10% to about 50% larger than the cross-sec- 
tional area of the ceramic material (10). 

3. A deposition apparatus as recited in claim 1 or 2, 
wherein the ceramic material (10) is in the form of 
an ingot. 

4. A deposition apparatus as recited in claim 1 or 2, 
wherein the ceramic material (10) is in the form of 

a powder, pellets or granular material. 20 

5. A deposition apparatus as recited in any preceding 
claim, wherein the crucible (112) has a cooling 
channel (116) therethrough through which a cooling 
medium flows. 2S 

6. A deposition apparatus as recited in any preceding 
claim, wherein the reservoir (118) of the crucible 
(112) has an approximately circular cross-sectional 
area. 30 

7. A deposition apparatus as recited in claim 6, where- 
in the upper end of the ceramic material (10) has an 
approximately circular cross-sectional area 

35 

8. A deposition apparatus as recited in claim 7, where- 
in the circular crosssectional area of the reservoir 
(118) is concentric with the circular crosssectional 
area of the ceramic material (10). 

40 

9. A deposition apparatus as recited in any preceding 
claim, wherein the reservoir (118) has a depth of 
about 0.2 to about 1 .0 cm. 

45 
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